Multiple myeloma (MM) is a hematologic malignancy characterized by the clonal expansion of plasma cells in the bone marrow, which produce monoclonal immunoglobulins and lead to complications such as anemia, bone destruction, hypercalcemia, and renal failure.^[@bib1],\ [@bib2]^ MM cases account for ∼10% of all hematologic cancers and ∼2% of all cancer deaths.^[@bib3]^ Despite novel insights into the pathobiology of the disease and the availability of new research platforms and therapeutics,^[@bib4],\ [@bib5],\ [@bib6]^ nearly all patients will eventually relapse or become refractory to drug treatment. Thus, innovative treatment strategies are urgently needed. A major area of investigation is the human bone marrow microenvironment, which has an essential role in promoting growth, survival, and drug resistance in MM.^[@bib7],\ [@bib8],\ [@bib9]^

The growth and survival of MM cells is highly dependent upon the presence of certain growth-promoting cytokines in the bone marrow microenvironment. One of the most important MM survival factors is the pleiotropic cytokine interleukin-6 (IL-6). IL-6 was originally described as a factor that induces the differentiation of normal B cells to antibody-secreting plasma cells and promotes MM cell growth.^[@bib10],\ [@bib11],\ [@bib12]^ Whereas the main producers of IL-6 in the bone marrow microenvironment are most likely the bone marrow stromal cells, some MM cell lines both produce and respond to IL-6, supporting an autocrine proliferation loop.^[@bib10],\ [@bib13],\ [@bib14],\ [@bib15]^ Importantly, autocrine IL-6 production was shown to be associated with a highly malignant phenotype, a high proliferative index, and resistance to drug-induced apoptosis.^[@bib15]^ In addition, serum IL-6 and C-reactive protein, an acute phase protein synthesized in the liver in response to IL-6, are prognostic factors in MM and provide the basis for a biologically based staging method for MM.^[@bib16],\ [@bib17]^ Strategies to target the effects of IL-6 in MM in the clinic have included the use of monoclonal anti-IL-6 alone or in combination with glucocorticoids.^[@bib18],\ [@bib19]^ However, the molecular basis underlying active IL-6 expression in primary MM samples and MM cell lines has not been elucidated.

Unconventional prefoldin RPB5 interactor (URI) is associated with RNA polymerase II subunit RPB5. The *URI* gene was first isolated and cloned from a human HepG2 cDNA library in 1998 and counteracted transactivation by hepatitis B Virus X Protein.^[@bib20]^ URI is also required to maintain genome stability through its important function in regulating the cell cycle.^[@bib21]^ Depletion of URI increased cisplatin- and rapamycin-induced apoptosis in ovarian cancer cells by activating mitochondrial S6K1-BAD signaling,^[@bib22]^ and overexpression of URI had an anti-apoptotic effect in the proliferation and growth of HCC cells.^[@bib23]^ However, the role of URI in the regulation of MM remains to be determined. In this study, we determined the effect of URI in MM on cell proliferation, chemotherapy resistance, survival *in vitro*, and growth *in vivo*.

Results
=======

URI overexpresses in MM and MM cell lines
-----------------------------------------

We investigated the expression levels of URI in MM and normal plasma cells separated from bone marrow. The mRNA levels were significantly higher in MM than in normal plasma cells ([Figure 1a](#fig1){ref-type="fig"}). URI mRNA was constitutively expressed at higher levels in most MM cell lines than normal plasma cells ([Figure 1b](#fig1){ref-type="fig"}). We examined the URI protein content in several MM cell lines and found an expression pattern similar to mRNA expression ([Figure 1c](#fig1){ref-type="fig"}). URI protein expression was also observed in MM cells in bone marrow specimens of patients with MM ([Figure 1d](#fig1){ref-type="fig"}). Interestingly, URI protein levels were upregulated substantially in MM cells from almost all patients with MM (20/22), whereas the normal plasma cells contained a very low level of URI ([Figure 1e](#fig1){ref-type="fig"}). These results demonstrate that URI is overexpressed in MM cells from MM patients compared with normal plasma cells.

Knocked down URI inhibits MM cell growth *in vitro* and *in vivo*
-----------------------------------------------------------------

To observe the function of URI in MM, the expression of URI was knocked down in MM cell lines. As shown in [Figures 2a and b](#fig2){ref-type="fig"}, lentivirus-delivered shRNA significantly inhibited the mRNA and protein levels of URI in NCI-H929 and LP-1 cells. In the stably transfected cell lines, the viable cell numbers were determined by the CCK-8 assay ([Figure 2c](#fig2){ref-type="fig"}). Suppression of URI resulted in a significant inhibition of MM cell line growth in normal culture conditions. Interestingly, growth inhibition was associated with lower numbers of URI-shRNA cells in the G2/M stage than in the control cells ([Figure 2d](#fig2){ref-type="fig"}). Next, we determined whether depletion of URI interfered with the clonogenic growth and survival of MM cells. As shown in [Figure 2e](#fig2){ref-type="fig"}, shRNA-URI MM cells suppressed colony formation compared with control cells. The effect of URI on the tumorigenic potential of MM cells was evaluated *in vivo*. NCI-H929 and LP-1 cells were transduced with a lentivirus expressing an shRNA targeting URI or the empty vector. These cells were inoculated in NOD/SCID mice, and tumor formation was monitored ([Figure 2f](#fig2){ref-type="fig"}). As shown in [Figure 2g](#fig2){ref-type="fig"}, knocked down URI markedly reduced the growth of MM xenografts compared with the control group *in vivo*.

URI expression maintains the frequency of side population (SP) cells in MM
--------------------------------------------------------------------------

SP cells exhibit key characteristics of cancer-initiating cells, including capacities for differentiation, repopulation, clonogenicity, and self-renewal. We screened for SP cells in human MM cell lines, based on their ability to export Hoechst 33342 dye. Flow cytometry revealed SP cells in the tail region of the dot plot. [Figure 3a](#fig3){ref-type="fig"} depicts SP cells from the RPMI-8226, NCI-H929, and LP-1 lines: low-level accumulation of intracellular Hoechst 33342 is characteristic of SP cells and the population disappears when the cells are treated with the ATP-binding cassette (ABC) transporter inhibitor verapamil. URI expression levels were significantly increased in the SP cells compared with the non-SP cells ([Figure 3b](#fig3){ref-type="fig"}). The expression pattern of URI indicates that it may influence the frequency of SP in MM. We next analyzed the SP size in URI-shRNA and control cells in NCI-H929 and LP-1 and found that knockdown of URI markedly reduced the percentage of SP in both MM cell lines ([Figure 3c](#fig3){ref-type="fig"}). Furthermore, URI inhibition led to decreased levels of ABCG2, an ABC membrane transporter that gives these cells a distinct staining pattern with Hoechst 33342 ([Figure 3d](#fig3){ref-type="fig"}). MM SP cells exhibit cancer stem cell-like characteristics, and they have greater tumorigenic potential than non-SP cells. We then compared the expression of stemness-associated genes between URI knockdown cells and control cells ([Figures 3e and f](#fig3){ref-type="fig"}). Consistently, the downregulation of stem cell-associated genes, including *KLF4*, *SOX2*, *OCT4*, *C-MYC*, *BMI1*, and *NOTCH1*, was observed in URI knockdown cells in LP-1 and NCI-H929 cells.

Inhibition of URI enhances bortezomib-induced MM cell death
-----------------------------------------------------------

Next, we investigated the influence of URI on the chemotherapeutic sensitivity of MM treatment. Bortezomib, a proteasome inhibitor, has significant anti-myeloma activity both in newly diagnosed and refractory/relapsed MM.^[@bib24],\ [@bib25]^ Bortezomib treatment induced cell growth arrest and cell death. Blocking the expression of URI significantly enhanced the therapeutic effects of bortezomib both in LP-1 and NCI-H929 cells ([Figure 4a](#fig4){ref-type="fig"}). Further, as detected by Annexin V staining, apoptosis induced by bortezomib was observed in the two cell lines ([Figures 4b and c](#fig4){ref-type="fig"}). As the results show, knockdown of URI markedly increased apoptotic cell number in LP-1 and NCI-H929 cells upon bortezomib treatment. To determine the degree to which bortezomib reduced SP cell number, we assessed the %SP after exposing cells to bortezomib ([Figure 4d](#fig4){ref-type="fig"}). We found that bortezomib markedly reduced the %SP among both LP-1 and NCI-H929 cells and that URI-shRNA cell contained a lower SP than control cells. Western blotting assays revealed more cleaved PARP in URI-shRNA cells than in control cells upon bortezomib treatment ([Figures 4e and f](#fig4){ref-type="fig"}). These results suggest that URI regulates chemotherapy sensitivity of MM towards bortezomib via maintaining the frequency of SP cells.

Suppression of URI attenuates IL-6 expression level and STAT3 activity
----------------------------------------------------------------------

Of the various secreted cytokines, paracrine and autocrine regulation by IL-6 has a particularly important role in myeloma cell proliferation and chemoresistance. We examined IL-6 expression in URI wild-type and knockdown MM cells. Luciferase reporter assays indicated that the downregulation of IL-6 by knocked down URI was achieved through inhibiting the activity of the IL-6 promoter activity in LP-1 and NCI-H929 cells ([Figure 5a](#fig5){ref-type="fig"}). Quantitative real-time PCR assays also demonstrated that the inhibition of URI attenuated IL-6 transcription ([Figure 5b](#fig5){ref-type="fig"}). Next, we used ELISA to detect IL-6 concentration in the medium supernatant ([Figure 5c](#fig5){ref-type="fig"}) and found that suppression of URI significantly decreased the IL-6 protein level in the cell culture medium.

Our results suggest that URI influences SP size in MM; therefore, we examined IL-6 mRNA levels in SP and non-SP cells ([Figure 5d](#fig5){ref-type="fig"}). The data indicated that SP cells in the LP-1 and NCI-H929 cell lines expressed IL-6 to much higher levels than non-SP cells. We treated MM cells with IL-6 and found that suppression of URI significantly attenuated phosphorylation of STAT3 ([Figure 5e](#fig5){ref-type="fig"}), indicating the role of URI in the regulation of IL-6/STAT3 signaling activation.

URI upregulates IL-6 expression through an interaction with NF*κ*B p65
----------------------------------------------------------------------

IL-6 is one of the most important NF*κ*B-dependent cytokines. To assess the effect of URI on NF*κ*B, we measured NF*κ*B activity by a luciferase reporter assay ([Figure 5f](#fig5){ref-type="fig"}). The results indicated that URI knockdown significantly attenuated the activity of NF*κ*B in MM cells. A western blotting assay also demonstrated that URI-shRNA LP-1 and NCI-H929 cells showed a much lower level of phosphorylation of NF*κ*B p65 than control cells stimulated by TNF*α* ([Figure 5g](#fig5){ref-type="fig"}), indicating that the inhibition of URI could decrease NF*κ*B activity. To further examine the different potential binding between p65 and the IL-6 promoters in control and URI-shRNA cells, a ChIP-qPCR assay was performed ([Figure 5h](#fig5){ref-type="fig"}). After URI knockdown, a decrease in p65 binding to IL-6 promoters in LP-1 and NCI-H929 cells was observed. The co-immunoprecipitation assay revealed that URI could associate with p65, which is a key component of the transcriptional preinitiation complex (PIC) of IL-6, and the interaction was markedly increased when the cells were treated with TNF*α* ([Figure 5i](#fig5){ref-type="fig"}). In addition, we undertook a co-immunoprecipitation assay between URI and STAT3 or CREB, which are important transcription factors for IL-6 expression.^[@bib26],\ [@bib27],\ [@bib28]^ No interactions were observed between URI and the two transcription factors (data not shown). These results suggest that URI regulates IL-6 expression through enhancing NF*κ*B p65 transcriptional efficiency.

Discussion
==========

An important challenge in MM research lies in pinpointing the critical factors that regulate growth and survival so that potential therapeutic targets can be defined. One of these factors is the pleiotropic cytokine IL-6, a cytokine mediating diverse biological functions in normal tissues and of particular importance in the promotion of myeloma cell expansion and survival.^[@bib10],\ [@bib29]^ Although research suggests that the main producers of IL-6 in the bone marrow microenvironment are most likely the bone marrow stromal cells, many MM cells both produce and respond to IL-6, supporting an autocrine mechanism sustaining high levels of proliferation of MM cells.^[@bib13],\ [@bib14],\ [@bib15]^ IL-6 activates multiple cell survival and proliferation signaling pathways in myeloma cells, including the Janus kinase/signal transducer and activator of transcription 3 (JAK/STAT3) pathway,^[@bib30],\ [@bib31]^ the mitogen-activated protein kinase kinase/extracellular signal-related kinase (MEK/ERK) pathway, and the phosphoinositide 3-kinase (PI3-K)/Akt pathway.^[@bib32],\ [@bib33]^ In addition, autocrine IL-6 production was shown to be associated with a resistance to chemical agent-induced cell death.^[@bib15],\ [@bib34]^ Interestingly, the present study revealed that URI was a functional regulator of IL-6 transcription in MM. It has been widely reported that STAT3, CREB, and p65 are the major transcription factors for IL-6.^[@bib26],\ [@bib27],\ [@bib28]^ However, we did not find an interaction between URI and STAT3 or CREB. Nevertheless, URI was observed in association with NF*κ*B p65, which is assembled in the PIC of IL-6.

Our results also indicated that URI could regulate NF*κ*B activation in MM cells. The NF*κ*B transcription factor has been at the center of studies investigating MM pathophysiology.^[@bib35]^ Constitutively active NF*κ*B has been observed in primary MM samples, and the I*κ*B kinase inhibitor, which blocks TNF*α*-induced NF*κ*B activation, was shown to decrease MM cell growth and survival *in vitro*.^[@bib36],\ [@bib37]^ The implication of NF*κ*B in MM is supported by the observation that the proteasome inhibitor bortezomib, which blocks degradation of the NF*κ*B inhibitor protein I*κ*B, has been successfully used in the treatment of newly diagnosed and refractory/relapsed MM.^[@bib38]^ An intriguing finding of the present work was that URI regulated the anti-MM effects of bortezomib: in fact, inhibition of URI increased bortezomib-induced cytotoxicity in MM cells, whereas the presence of URI dampened bortezomib-induced apoptosis. Meanwhile, our data indicated that URI modulated the transcriptional function of NF*κ*B p65, which may contribute to the attenuation of bortezomib-induced cytotoxicity on MM. These results underscore the relevance of URI to the induction of apoptosis by bortezomib. Our results may therefore contribute to the understanding of the intracellular functions of URI and of the biochemical perturbations underlying the apoptotic stimuli induced by URI, complementing previous observations on the anticancer activity of this protein.

Recent studies have revealed the presence of SP cells in many types of cancer, including MM.^[@bib39],\ [@bib40]^ Here, we found that URI expression levels were significantly increased in SP cells compared with non-SP cells and that knockdown of URI markedly reduced the abundance of SP in MM cell lines. These results strongly indicate that the presence of URI maintains the frequency of SP cells in MM. SP cells in various types of cancer showed significantly higher potential to initiate tumors in NOD/SCID mice than their non-SP counterparts. They are also more likely to be resistant to certain anticancer drugs than non-SP cells. In the present study, URI was found to enhance MM cell growth *in vitro* and *in vivo* and to regulate the chemotherapeutic sensitivity of MM towards bortezomib treatment. The regulatory role of URI on SP may partly contribute to its biological function in MM. Accumulating evidence suggests that SP cells, a small population of cells from cancer cell lines, are enriched in a subset of cancer stem-like cells. They are responsible for tumor initiation, metastasis, and recurrence.^[@bib40],\ [@bib41],\ [@bib42]^ Although the mechanism for producing the SP phenotype is unclear, it is believed that efflux of the DNA-binding dye Hoechst 33342 by the ABCG2/BCRP transporter is required for detection of the 'side population\' phenotype that is characteristic of stem cells from many tissues.^[@bib43]^ Our data showing that inhibition of URI strongly reduced the downregulation of ABCG2 expression in MM cell lines also confirmed the regulatory function of URI on SP cells.

STAT3 has been identified as a pro-survival protein activated downstream of the MM growth and survival factor IL-6 and as a promising drug target. We used IL-6 to treat MM cells and found that knockdown of URI significantly attenuated the phosphorylation of STAT3, indicating that URI could increase IL-6-induced STAT3 activation. However, the exact mechanism of URI on STAT3 needs additional exploration. An important issue influencing the activation is the response of MM cells to IL-6 stimulation. Previous reports have classified MM cells into IL-6 dependent and -independent groups according to whether the cells are dependent on IL-6 for survival or proliferation. There are some cell lines that are independent of IL-6 both for survival and proliferation. After treating several MM cell lines with IL-6, we detected the level of phosphorylated STAT3 and found that most MM cell lines responded to IL-6, even though some were IL-6-independent cells. Therefore, modulating IL-6/STAT3 signaling is a potential therapeutic strategy for myeloma not only characterized by the pathological IL-6-dependent type but also by IL-6-responsive MM.

Taken together, our observations highlight a novel exciting scenario and provide new formal evidence for a major role of URI on MM cell proliferation, survival, and chemotherapeutic resistance. The data presented here identified URI as a regulator of IL-6 transcription. As the significant role of IL-6 is inducing transformation and development of MM, targeting URI in myeloma may dramatically lower IL-6 production, which is an attractive therapeutic strategy against this disease.

Materials and Methods
=====================

Reagents
--------

The following reagents were purchased from the indicated manufacturers: rh IL-6 and TNF*α* were obtained from PEPROTECH (Rocky Hill, NJ, USA) and anti-P-STAT3, anti-STAT3, anti- NF*κ*B p-p65, anti-NF*κ*Bp65, and anti-PARP antibodies were obtained from Cell Signaling Technology (Boston, MA, USA). Anti-GAPDH antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and the anti-URI antibody was from Proteintech (Chicago, IL, USA). Bortezomib was purchased from Selleckchem (Houston, TX, USA).

Cells and cultures
------------------

Human MM cell lines NCI-H929, LP-1, RPMI-8226, and U266 were used in this study. NCI-H929 was obtained from Dr. Margaret HL Ng (Prince of Wales Hospital, Chinese University of Hong Kong). LP-1-secreting IgG l light chain was kindly provided by Dr. Hallek (Laboratorium für Molekulare Biologie, Genzentrum, Ludwig-Maximilians-Universität München, Germany). RPMI-8226 (CCL-155) and U266 (TIB-196) were obtained from American Type Culture Collection (ATCC). The cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM of L-glutamine (Sigma, St. Louis, MO, USA), 100 U/ml of penicillin G, and 100 mg/ml of streptomycin (Sigma). For depletion of URI, plasmids containing shURI and lentivirus-shURI and control virus were purchased from Genechem Co. (Shanghai, China). MM cells were seeded into wells. After incubating for 24 h, these cells were transfected with plasmid or lentivirus according to the manufacturer\'s protocol.

Patient samples
---------------

Primary myeloma cells were isolated from the bone marrow samples of 12 MM patients receiving routine diagnostic aspiration, and normal plasma cells were isolated from five healthy volunteers with informed consent approved by the Institutional Ethics Committee. Briefly, cells were separated by Ficoll density gradient centrifugation and washed in phosphate-buffered saline (PBS) twice before incubation with an anti-CD138 antibody coupled to magnetic beads (Miltenyi Biotechm, Aurburn, CA, USA). The cells were selected using a magnetic affinity column according to the manufacturer\'s recommendation. The percentage of CD138+ cells isolated from bone marrow of normal donors was 0.5∼2% in mononuclear cells. The purity of the cell preparation was verified to be 95% by fluorescence-activated cell-sorting (FACS) analysis and light microscopy. Bone marrow tissues were obtained from 22 MM patients who received spinal surgery because of the disease and five patients who received spinal surgery because of spinal trauma, with informed consent approved by the institutional ethics committee. Briefly, bone marrow samples were fixed in formalin for 24 h, decalcified, embedded in paraffin, and sliced. All procedures involving human specimens were undertaken after written informed consent according to the Declaration of Helsinki and using a protocol approved by the Institutional Review Board for human protection.

Immunohistochemistry
--------------------

Immunohistochemistry was performed as described previously.^[@bib44]^ The tissue sections were dewaxed, rehydrated and then immersed in methanol containing 0.3% hydrogen peroxide (Sinopharm Chemical Reagent Co., Ltd.) for 30 min to block endogenous peroxidase activity. Subsequently, the sections were heated in a pressure cooker filled with 10 mM ethylenediaminetetraacetic (EDTA Sigma) buffer (pH 8.0) for 2 min. After cooling, the sections were incubated in 1% blocking serum (Chemicon) for 30 min to reduce nonspecific binding. The sections were incubated in the primary polyclonal antibodies against URI and IL-6. The visualization signal was developed with diaminobenzidine and the slides were counterstained in hematoxylin. Stained sections were evaluated in a blinded manner without prior knowledge of the clinical information using the German immunoreactive score (IRS) as described previously.^[@bib45]^ Briefly, the IRS assigns sub-scores for immunoreactive distribution (0--4) and intensity (0--3), then multiplies them to yield the IRS score. The percent positivity was scored as '0\' (\<5%), '1\'(5-25%), '2\' (25-50%), '3\' (50-75%) or '4\' (\>75%). The staining intensity was score as '0\' (no staining), '1\' (weakly stained), '2\' (moderately stained) or '3\' (strongly stained). The final URI expression score was calculated with the value of percent positivity score plus staining intensity score, which ranged from 0 to 12. We estimated IRS by averaging the values in eight fields at × 400 magnification for each specimen. URI expression was defined as follows: low expression (score 0--6/0--3) and high expression (score \>6/4--6). Cases with discrepancies in IRS score were discussed with other pathologists until a consensus was reached.

Western blot and co-immunoprecipitation assays
----------------------------------------------

Whole cell extracts were prepared in RIPA buffer and centrifuged at 12 000 *g* for 15 min. Protein concentrations were measured using the bicinchoninic acid assay. Immunoblotting was performed using specific primary antibodies, and immune-complexes were incubated with the fluorescein-conjugated secondary antibody and then detected using an Odyssey fluorescence scanner (Li-Cor, Lincoln, NE). For co-immunoprecipitation experiments, cell lysates were prepared in RIPA buffer and protein concentrations were measured. The lysates were incubated with 2 *μ*g anti-URI, or anti-p65 and normal mouse immunoglobulin G (Santa Cruz Biotechnology) for 8 h at 4 °C, followed by the addition of Protein A/G Plus-Agarose (Santa Cruz Biotechnology) for another 4 h. The beads were centrifuged and washed 5 times with lysis buffer and resuspended in equal volume of RIPA buffer. The samples from these assays were analyzed by western blotting.

RNA collection, cDNA synthesis, and real-time PCR analysis
----------------------------------------------------------

Total RNA was extracted from fresh-frozen primary myeloma cells, normal plasma cells, and cell lines in Trizol (Invitrogen, Carlsbad, CA, USA). Reverse transcription of total RNA was performed using random hexamers (Roche Diagnostics, Penzberg, Germany) and SuperScriptII reverse transcriptase (Invitrogen). Polymerase chain reaction (PCR) amplifications of the respective genes were carried out with 40 ng complementary DNA, 500 nM forward and reverse primers, and iTaqSYBRGreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA) in a final volume of 10 *μ*l. The sequences of the PCR primers used in this study are shown in [Table 1](#tbl1){ref-type="table"}.

ELISA assay
-----------

ELISA assays were performed using the conditioned medium collected from 2-day cultures of cells seeded at 2 × 10^5^ cells/plate, and then analyzed by a human IL-6 kit purchased from Dakewei Biotech Company (Shanghai, China).

Cell viability assays
---------------------

Cell viability was determined by the Cell Counting Kit-8 assay (DOJINDO, Kumamoto, Japan) according to the manufacturer\'s instructions. Briefly, 5 × 10^3^ cells were incubated in 96-well plates with or without treatments in culture medium for different time points, and then 10 *μ*l of the CCK-8 solution was added to each well. After a 1-h incubation at 37 °C, the optical density (OD) was measured using a spectrophotometer (Molecular Devices Co., Sunnyvale, CA, USA) and the fold-increase in the OD compared with that of the control (proliferation index) was calculated. All experiments were performed in triplicate. The absorbance of each well was measured at 450 nm with a microtiter plate reader. Apoptosis was evaluated by staining the cells with an AnnexinV-FITC and propidium iodide labeling kit (Invitrogen) according to the manufacturer\'s instructions.

Colony formation assays
-----------------------

Briefly, myeloma cells were adjusted to a concentration of 1 × 10^3^ per ml cells using human methylcellulose-based medium (R&D Systems Inc.) according to the manufacturer\'s instructions and were then plated in 35-mm^2^ culture dishes. The cells were incubated at 37 °C and 5% CO~2~. Colonies consisting of more than 40 cells were counted using microscopy 10 days after planting.

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

Cells (5 × 10^6^) were fixed in 0.5% formaldehyde for 10 min and lysed. Chromatin was sonicated to an average length of 0.2--0.5 kb. Chromatin was then immunoprecipitated with anti-p65 antibody, which recognizes transcriptionally active chromatin regions, or beads-only for the negative control. After washing, crosslinking was reversed and DNA was purified with phenol/chloroform and ethanol precipitation. Isolated DNA was analyzed using qRT-PCR. The following primers were used for amplification of the IL-6 promoter and *β*-actin control region: IL-6-ChIP-fw: 5-CTAGTTGTGTCTTGCCATGC-3, IL-6-ChIP-rv: 5-CAGAATGAGCCTCAGACATC3, *β*-actin-ChIP-fw: 5-TCCACCTTCCAGCAGATGTG-3, and *β*-actin-ChIP-rv: 5-GCAACTAAGTCATAGTCCGCCTAGA-3.

Selection and characterization of SP cells
------------------------------------------

To identify the SP within the population of MM cells, the cells were adjusted to a final cell density of 1 × 10^6^ cells/ml in RPMI 1640 medium containing 2% FBS and 10 mM HEPES buffer (Invitrogen). Hoechst 33342 (Sigma, 1 mg/ml) was then added to a final concentration of 5 *μ*g/ml followed by incubation in a water bath at 37 °C for 90 min with intermittent shaking. As a negative control, the sample was preincubated with 50 *μ*mol/l verapamil. At the end of incubation, the cells were incubated on ice for 10 min, after which they were washed and resuspended in ice-cold PBS (Dulbecco\'s PBS without calcium and magnesium) with 2% FBS in the dark. To gate only viable cells, a propidium iodide solution (2 *μ*g/ml) was added to the cells before analysis. The cells were then filtered through a 70-*μ*m filter to obtain a single cell suspension, which was analyzed and sorted on a Moflo cell sorter (Beckman Coulter, Brea, CA, USA). The Hoechst 33342 dye was excited at 357 nm and its fluorescent emission was measured at 402--446 and 650--670 nm. All experiments were performed at least three times.

Xenograft studies
-----------------

Six- to 8-week-old male NOD/SCID mice were injected subcutaneously in the bilateral flanks with 2 × 10^7^ myeloma cells in 100 *μ*l PBS stably transduced with control lentivirus (right flanks, *n*=6) and URI shRNA lentivirus (left flanks, *n*=6). Tumor size was measured once every 3 days using a caliper, and tumor volume was calculated by the formula: (width)^2^ × length/2. After 15 days, the mice were euthanized and the tumors were excised.

Statistical analysis
--------------------

The data shown represent the mean values of at least three independent experiments and are expressed as the mean±S.D. Statistical analyses were performed by Student\'s *t*-test, using the statistical software GraphPad Prism 4 (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was set at a level of *P*\<0.05. SPSS 15.0 software (SPSS Inc., Chicago, IL, USA) was also used for statistical analyses and a *P*-value \<0.05 was considered significant.
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![URI is overexpressed in MM and MM cell lines. (**a**) URI mRNA expression in normal plasma cells from five volunteers (Nor) and MM cells from 12 MM patients or (**b**) five MM cell lines. CD138+ cells enriched from bone marrow of healthy volunteers by immunomagnetic cell sorting method (MACS). URI mRNA in the cells was determined by quantitative real-time PCR. (**c**) Western blotting analysis of the expression of the URI protein in MM cell lines. The URI protein levels were quantified relative to the loading control. (**d**) Representative immunohistochemistry staining of URI in the bone marrow of volunteers and patients with MM. (**e**) The percentage of high expression of URI in normal bone marrow and patients with MM. Error bars represent the S.E.M. \**P*\<0.05](cddis201493f1){#fig1}

![Knockdown of URI inhibits MM cell growth *in vitro* and *in vivo*. (**a** and **b**) URI expression was analyzed by real-time PCR and immunoblotting in URI knockdown (shURI) and control cells (NC). The URI protein levels were quantified relative to the loading control. (**c**) Cell proliferation was detected in control (NC) and shURI MM cells.The MM cells (2 × 10^3^ cells per well) were seeded in 96-well plates and cultured overnight at 37 °C. Cell proliferation was detected by a CCK-8 assay at various time points according to the manufacturer\'s instructions. (**d**) Flow cytometric analysis of the proportion of cells in G2/M phase in shURI MM and control cells (NC). Representative results are shown. (**e**) Quantification of methylcellulose colony formation of NCI-H929 and LP-1 after URI knockdown (shURI) of three independent experiments. Myeloma cells were adjusted to a concentration of 1 × 10^3^ per ml cells using human methylcellulose-based medium according to the manufacturer\'s instructions and were then plated in 35-mm^2^ culture dishes. Colonies were counted by microscopy 10 days after plating. (**f** and **g**) The tumors excised from NOD/SCID mice after being inoculated subcutaneously with shURI MM cells and their control cells (NC) for 15 days. Tumor size was measured once every 3 days, and tumor volume was calculated by the formula: (width)^2^ × length/2. Error bars represent the S.E.M. \**P*\<0.05](cddis201493f2){#fig2}

![URI maintains the frequency of SP cells in MM. (**a**) Flow cytometric analysis of the frequency of SP cells in NCI-H929, LP-1, and RPMI-8226 stained with Hoechst 33342. (**b**) The URI mRNA levels in SP and non-SP cells were detected by real-time RT-PCR. (**c**) Flow cytometric analysis of the frequency of SP cells in NCI-H929 or LP-1 cells with URI knockdown (shURI) and control cells (NC). (**d**) The mRNA expression of ABCG2 in URI knockdown (shURI) and control cells (NC) by real-time RT-PCR. (**e** and **f**) The mRNA expression of five genes related to stemness in LP-1 or NCI-H929 shURI and control cells (NC) by real-time RT-PCR. The data are mean±S.E.M. and are representative of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001](cddis201493f3){#fig3}

![Inhibition of URI enhances bortezomib-induced MM cell death. (**a**) Cell proliferation was detected by a CCK-8 assay at various bortezomib concentrations for 24 h. (**b** and **c**) LP-1 NC/shURI and NCI-H929 NC/shURI cells were incubated in the presence of 10 nM bortezomib for 24 h and apoptotic cells were determined by AnnexinV-FITC and propidium iodide staining. (**d**) Flow cytometric analysis of the frequency of SP cells in URI knockdown (shURI) and control cells (NC) after being exposed to 20 nM bortezomib for 24 h. (**e** and **f**) Immunoblotting for PARP in LP-1 NC/shURI and NCI-H929 NC/shURI cells after being treated with different concentrations of bortezomib for 24 h. The clevated PARP protein levels were quantified relative to the loading control](cddis201493f4){#fig4}

![Suppression of URI attenuates IL-6 expression and STAT3 activity. (**a**) Knockdown of URI in LP-1 and NCI-H929 cells inhibited the activity of the IL-6 promoter by the luciferase reporter assay. MM cells were transfected with the IL-6 reporter plasmids (0.2 *μ*g), together with the control plasmid pRL-TK (0.02 *μ*g). After 24 h, cells were lysated and then luciferase activities were detected. (**b**) Knockdown of URI in LP-1 and NCI-H929 cells resulted in downregulation of IL-6. Total RNA was extracted from the control and URI knockdown cells, and IL-6 mRNA was determined by real-time PCR. (**c**) Knockdown of URI in LP-1 and NCI-H929 cells resulted in downregulation of IL-6 concentration in the culture supernatant at indicated times as assayed using ELISA. (**d**) The IL-6 mRNA expression in SP cells and non-SP cells by real-time RT-PCR. (**e**) Knockdown of URI inhibited IL-6 (20 ng/ml) induced phosphorylation of STAT3 in LP-1 and NCI-H929 cells. The p-STAT3 protein levels were quantified relative to the total protein levels of STAT3. (**f**) Luciferase reporter assay of NF-*κ*B was assessed in LP-1 NC/shURI and NCI-H929 NC/shURI cells. Error bars represent the S.E.M. from three independent experiments. (**g**) Knockdown of URI inhibited TNF*α* (10 ng/ml)-induced phosphorylation of p65 in LP-1 and NCI-H929 cells. The p-p65 protein levels were quantified relative to the total protein levels of p65. (**h**) ChIP assays indicated a significant decrease in p65 bound upstream of the transcriptional start site of IL-6 upon URI knockdown (shURI) in LP-1 or NCI-H929 cells compared with corresponding vector control cells (NC). Normal rabbit IgG served as a negative control. (**i**) NCI-H929 cells were co-transfected with Flag-URI and Flag-p65. Forty-eight hours after transfection, the cells were treated with TNF*α* at a concentration of 10 ng/ml for 20 min before harvesting. Whole cell lysates were immunoprecipitated with anti-URI, anti-p65 antibody, or mouse IgG (negative control) and then were analyzed by western blotting. The cell lysates were also subjected to immunoblotting (lower panel). Error bars represent the S.E.M. from at least three independent experiments. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001](cddis201493f5){#fig5}

###### Sequence of PCR primers used in the study

  **Gene**   **Forward primer (5′-3′)**   **Reverse primer (5′-3′)**
  ---------- ---------------------------- ----------------------------
  Oct4       AGTGAGAGGCAACCTGGAGA         ACACTCGGACCACATCCTTC
  Sox2       CAAGATGCACAACTCGGAGA         GCTTAGCCTCGTCGATGAAC
  KLF4       CCCACACAGGTGAGAAACCT         ATGTGTAAGGCGAGGTGGTC
  Notch-1    TCCACCAGTTTGAATGGTCA         CGCAGAGGGTTGTATTGGTT
  C-myc      ATGGCCCATTACAAAGCCG          TTTCTGGAGTAGCAGCTCCTAA
  IL-6       CCCCTCAGCAATGTTGTTTGT        CTCCGGGACTGCTAACTGG
  BMI-1      CCACCTGATGTGTGTGCTTTG        TTCAGTAGTGGTCTGGTCTTGT
  18S        CGGCTACCACATCCAAGGAA         GCTGGAATTACCGCGGCT
  URI        AATGCCCTTCGAGAAAGACTCA       CCCCCAGTAAAACAGTGACTTC

[^1]: These authors contributed equally to this work.
